Three isolates (A19 T , C21 and F12) with spiral-shaped cells and one bipolar sheathed flagellum were obtained from gastric mucosa and caecal contents of three different wild boars (Sus scrofa) and subjected to a polyphasic taxonomic study. A genus-specific PCR showed that these isolates belonged to the genus Helicobacter. Phylogenetic analysis based on 16S rRNA, 60-kDa heat-shock protein (HSP60) and atpA genes demonstrated they formed a novel lineage within this genus. Pairwise 16S rRNA, HSP60 and atpA gene sequence comparisons of the three isolates revealed 99.7, 99.4 and 99.9 % similarity, respectively, among the three isolates; the 16S rRNA gene of isolate A19 T shared 98.5 % sequence similarity with its nearest validly named neighbouring species, Helicobacter mastomyrinus (to the type strain MIT 97-5577 T ). The taxonomic uniqueness of the wild boar isolates was confirmed by protein analysis performed by matrix-assisted laser desorption/ionization time-of-flight MS and by a distinctive biochemical profile. These data indicated that isolates A19
The genus Helicobacter was erected by Goodwin (1989) with the description of two species: Helicobacter pylori and Helicobacter mustelae. Vandamme et al. (1991) transferred two additional Campylobacter species to this novel genus as Helicobacter fennelliae and Helicobacter cinaedi. The genus has since expanded considerably and, at the time of writing (October 2015) , comprises 36 species with validly published names (Jeon et al., 2015) , including several species isolated from the stomach of pigs and other animals (Dewhirst et al., 1994; Moyaert et al., 2007; Baele et al., 2008; Smet et al., 2012) . In the present study, three novel isolates from three different animals, two recovered from caecal contents (A19 T and F12) and one from stomach mucosa (C21) of wild boars, were submitted to a polyphasic taxonomic characterization.
From January to September 2011, during a study of gastric and intestinal Epsilonproteobacteria of wild boars killed within a programme for reducing their density in the Apennine Mountains in Bologna Province (Italy), Helicobacter isolates were obtained from 16 of 21 animals. In all 16 animals, Helicobacter isolates were recovered from caecal contents and in four animals they were also isolated from gastric mucosa. Isolations were made after 4 days of incubation at 37±1 C in a microaerobic atmosphere, on nutrient sheep-blood agar using a filter method (Zanoni et al., 2007) and, at the same time, on nutrient sheep-blood agar [Nutrient Broth No. 2 (Oxoid) with 1.5 % Bacto Agar (Difco) and 10 % sheep blood] plus Skirrow and Blaser Wang selective supplement (Oxoid). Agar plates were never more than 3-4 days old. The microaerobic atmosphere with hydrogen was obtained by the gas replacement method using an anaerobic gas mixture (10 % H 2 , 10 % CO 2 , 80 % N 2 ) as described by Bolton et al. (1992) .
After 2-3 days of incubation, colonies were 7-8 mm in diameter, yellow-grey, flat with rough and irregular margins, non-haemolytic and exhibited a tailing effect along the streak line. Cells were Gram-stain-negative, nonsporulating, tightly coiled spirals with two turns and were approximately 2 µm long and 0.4 µm wide. They were motile with one, bipolar, sheathed flagellum. Cells appeared coccoid after 10-13 days of incubation.
For genotyping analysis, a total of 20 isolates (one from each animal and from each matrix) were submitted to bacterial DNA extraction by using a REDExtract-N-Amp Tissue PCR Kit (Sigma Aldrich). All isolates were identified as members of the genus Helicobacter using the genus-specific PCR described by Bohr et al. (2002) and had identical physiological characteristics when examined as described by Dewhirst et al. (2000) (Table 1) .
To establish the taxonomic position of the new isolates, molecular taxonomic and phylogenetic analyses were performed based on the 16S rRNA gene (Shen et al., 2005) , HSP60 gene (Mikkonen et al., 2004) and atpA gene (Miller et al., 2014) . The 20 isolates had identical 16S rRNA gene sequences and phenotypic characteristics, and 10 randomly selected isolates were submitted to pairwise HSP60 and atpA gene sequence comparisons that revealed respectively 99.4 and 99.9 % sequence similarity among them. Therefore, further investigations were performed on three of these isolates (A19 T , C21 and F12) only.
An EzBioCloud (Kim et al., 2012) analysis of a 1200 bp 16S rRNA gene fragment revealed that Helicobacter mastomyrinus MIT 97-5574 T was the most closely related type strain of all validly named Helicobacter species, with a sequence similarity of 98.5 %, followed by H. pullorum NCTC 12824 T (97.5 %), H. equorum EqF1 T (96.9 %) and H. marmotae MIT 98-6070 T (96.7 %). In addition, a BLAST search of the NCBI database (accessed February 2016) (megablast algorithm; nr/nt collection; Altschul et al., 1990) revealed 99 % sequence similarity with Helicobacter sp. strain MIT 02-6899, isolated from a woodchuck; this organism, however, has not been formally classified.
16S rRNA gene sequences of Helicobacter, Campylobacter and Arcobacter reference strains were downloaded from GenBank and aligned using MUSCLE in MEGA v.6 (Tamura et al., 2013) . The best nucleotide substitution model was selected based on the Bayesian information criterion, as calculated by MEGA v.6, and was revealed to be the Kimura two-parameter +G+I model. The phylogeny was then inferred using maximum-likelihood (ML) ) and H. marmotae (CCUG 52419 T ), for which no HSP60 gene sequences were available, were determined and subsequently compared with those in the NCBI GenBank database (accessed February 2016) which revealed H. himalayensis as the most similar taxon, albeit at a considerable phylogenetic divergence (90 % similarity), followed by H. cinaedi (81-82 %) and H. fennelliae (81 %). Sequences of Helicobacter, Campylobacter and Arcobacter reference strains were downloaded from GenBank and aligned using CLUSTAL W in MEGA v.6 (Tamura et al., 2013) . The best nucleotide substitution model selected, as described above, was the Tamura two-parameter +G+I model. ML (Fig. 1b) and BI (Fig. S1b) methods were used to reconstruct phylogenetic trees as described above and revealed H. himalayensis as the nearest phylogenetic neighbouring species.
The atpA gene sequence (677 bp) obtained from the three isolates and of H. mastomyrinus (CCUG 52417 T ) and H. marmotae (CCUG 52419 T ), for which no atpA gene sequences were available, was determined and used to probe the NCBI GenBank database (accessed February 2016). The most similar taxon retrieved was H. cinaedi (strains ATCC BAA-847 and PAGU611), although the resulting divergence was quite high (80 % similarity), followed by H. hepaticus ATCC 51449 and another undetermined strain of H. hepaticus (79 %). Sequences of atpA genes of other Helicobacter, Campylobacter and Arcobacter reference strains were drawn from GenBank and aligned as described for the HSP60 gene. Phylogenetic analyses were carried out using Hasegawa-Kishino-Yano +G+I as the best substitution model. ML analysis (Fig. S1d) failed to retrieve any relationship of the novel strains with the other analysed taxa; on the other hand, BI phylogeny (Fig. S1c) indicated the novel strains as the sister clade of a cluster including H. marmotae, H. mastomyrinus, H. cinaedi, H. hepaticus, H. trogontum, H. bilis and H. muridarum.
High-molecular-weight DNA of strain A19 T was prepared as described by Gevers et al. (2001) . The DNA base ratio was determined by HPLC according to Mesbah et al. (1989) ; the value found was 40.2 mol% G+C. We subsequently used matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOF MS) for the differentiation of strains A19
T , C21 and F12 from two of their nearest neighbour species (H. mastomyrinus CCUG 52417
T and H. marmotae CCUG 52419 T ), according to 16S rRNA gene sequence analysis. Cells were grown on Mueller Hinton agar base (Oxoid) supplemented with 5 % sheep blood for 72 h at 37 C under microaerobic conditions. Cell extraction for MALDI-TOF MS analysis was performed as described by Wieme et al. (2012) . Bacterial fingerprints were acquired using the 4800 Plus MALDI TOF/TOF Analyzer (Applied Biosystems) in linear positive ion mode as described previously (Wieme et al., 2012) . For each spot, 50 sub-spectra for each of 40 randomized positions within the spot were collected and presented as one main spectrum. A mass range of 2000 to 20 000 Da was used for the analysis. MS profiles were compared using the mMass 5.5.0 software (Strohalm et al., 2010) . The MALDI-TOF MS profiles of strains A19
T (=LMG 28471 T ), C21 and F12 were virtually identical (data not shown) but clearly different from those of H. mastomyrinus CCUG 52417
T and H. marmotae CCUG 52419
T . Fig. 2 shows the spectra of each of the three Helicobacter type strains along with the m/z values of the main peaks in each of the spectra.
Morphological characteristics were determined using transmission electron microscopy. For this, 48-h-old cells were negatively stained with 2 % (w/v) phosphotungstic acid and examined using a Philips EM208 S microscope. Cells were spiral shaped with one bipolar sheathed flagellum (Fig. 3) .
Biochemical and tolerance characteristics were carried out according to the recommendations of Dewhirst et al. (2000) . These data are reported in the species description presented below and a comparison of the most important phenotypic characteristics of the novel strains with those of other Helicobacter species is shown in Table 1 . The novel strains displayed phenotypic characteristics that were distinct from all other members of the genus Helicobacter; H. pametensis, H. mesocricetorum and H. himalayensis were the most similar species, differing from the wild boar isolates in only one or two characteristics. H. pametensis differed from the boar isolates only regarding susceptibility to cephalotin; catalase production, alkaline phosphatase hydrolysis and growth at 42 C gave variable results for the new isolates, while all 20 novel strains were positive for catalase production and alkaline phosphatase hydrolysis and were unable to grow at 42 C. The wild boar isolates and H. mesocricetorum differed only in the absence of sheathed flagella and variability in nitrate reduction in H. mesocricetorum. Relative to H. himalayensis, two differentiating characteristics were g-glutamyl transpeptidase (negative for the wild boar isolates, positive for H. himalayensis) and the number of flagella (two for the wild boar isolates, 1-2 for H. himalayensis). Regardless, phylogenetic analysis performed on the three different genes (16S rRNA, HSP60 and atpA) clearly show that the wild boar isolates, H. pametensis, H. mesocricetorum and H. himalayensis belong to distinct Helicobacter species.
In conclusion, data from the present study revealed that three isolates recovered from the gastric mucosa and caecal contents of wild boars represent a unique Helicobacter taxon. Comparative 16S rRNA gene sequencing revealed H. mastomyrinus as its nearest neighbouring species with a validly published name (98.5 % sequence similarity to the type strain MIT 97-5577 T ). The taxonomic distinctiveness of the wild boar isolates was confirmed based on their unique position in a HSP60 gene-based phylogenetic tree (Fig. 1b) , by protein analysis using MALDI-TOF MS (Fig. 2) and by a distinctive biochemical profile (Table 1) . Together, these data indicate that isolates A19
T , C21 and F12 represent a novel taxon for which the name Helicobacter apri sp. nov. is proposed, with isolate A19 T (=DSM 28990 T =LMG 28471 T ) as the type strain.
Description of Helicobacter apri sp. nov.
Helicobacter apri (a¢pri. L. gen. n. apri of a wild boar).
Cells are Gram-stain-negative, non-sporulating, tightly coiled spirals with two turns and are approximately 2 µm long and approximately 0.4 µm wide. On nutrient sheepblood agar at 37 C after 48 h under microaerobic conditions, colonies are 7-8 mm in diameter, yellow-grey, flat with rough and irregular margins, non-haemolytic, and exhibit a tailing effect along the streak line. Strictly microaerobic. Able to grow at 37 and 42 C. No growth on media supplemented with 1 % glycine or 1 % bile. Oxidase, catalase and alkaline phosphatase activity are observed, but not urease or g-glutamyl transpeptidase activity. Reduces nitrate but does not hydrolyse hippurate. Resistant to cephalotin but susceptible to nalidixic acid. The clinical significance of H. apri is unknown.
The type strain, A19
T (=DSM 28990 T =LMG 28471 T ), was isolated from the caecal contents of a wild boar in 2011. The DNA G+C content of the type strain is 40.2 mol%.
